We study the decay behaviors of ultracold atoms in metastable states with spin-orbit (SO) coupling, and demonstrate that there are two SO-coupling-induced decay mechanisms. One arises from the trapping potential and the other is due to interatomic collision. We present general schemes for calculating decay rates from these two mechanisms, and illustrate how the decay rates can be controlled by experimental parameters. We experimentally measure the decay rates over a broad parameter region, and the results agree well with theoretical calculations. This work provides an insight for both quantum simulation involving metastable dressed states and studies on few-body problems with SO coupling.
Recently, synthetic magnetic field and a restricted class of spin-orbit (SO) coupling have been successfully realized in ultracold Bose gases [1] [2] [3] [4] [5] [6] and degenerate Fermi gases [7, 8] . In addition, many schemes have been proposed to create general gauge fields, particularly the isotropic Rashba SO coupling; see Ref. [9] for a review. These will bring about novel quantum systems of SO coupled atoms that display many interesting phases [10] [11] [12] [13] [14] [15] [16] , and provide a new and powerful tool for quantum simulation. However, in many of these proposals, one or more metastable states, e.g. dark states, play essential roles. Thus, the lifetime of atoms in the metastable states becomes crucial in practical implementation of these schemes.
In this Letter, we carry out a thorough and quantitative study of the decay behavior of excited dressed states with SO coupling. We find that, due to the SO coupling, decay mechanisms can arise both from single-atom motion in inhomogeneous trap potential and from two-body collisions. The trap-induced decay rate is determined by the trap frequency, while the collisional decay rate is controlled by atomic density and scattering length. Further, we present rigorous methods for calculating decay rate for each mechanism. Our method for the rate of collisional decay can be applied to both elastic and inelastic scattering of two atoms with a general type of SO coupling and arbitrary scattering length. Finally, we experimentally investigate the decay behavior of a SO coupled 87 Rb BEC prepared in a metastable state for a broad parameter region. The experimental results are compared to theoretical calculations, and the excellent agreement supports the validity of our theory.
Our work provides a comprehensive understanding of the SO-coupling-induced decay and thus can serve as a valuable reference for experimental realization of proposals involving metastable dressed states. For a given system of interest, one can use our theory to figure out which is the dominant mechanism, and then apply appropriate approaches to control the stability of those metastable states. In addition, our method for the exact calculation of interatomic scattering amplitude sheds lights on few-body problems with SO coupling. The trap-induced decay. The Hamiltonian of a single atom with SO coupling takes formĤ 1b =p 2 /(2m) + M (p) +V (r) ≡Ĥ 0 (p) +V (r), with m the atomic mass, p andr the atomic momentum and position operator, respectively, andV (r) the trap potential. The SO coupling is described by thep-dependent operatorM (p). For instance, for effective spin-1/2 systems in Refs. [3-5, 7, 8] , one hasM (p) = δσ z /2+Ωσ x /2+2k rpxσz , whereσ is the Pauli operators, δ is the two-photon detuning, k r is the recoil momentum and Ω is the Raman-coupling strength.
It is clear that the eigen-state ofĤ 0 is |k |α(k) , where |k satisfiesp|k = k|k and the state |α(k) in the spin space is the eigen-state ofM (k). If there were no SO coupling, bothM (k) and |α(k) are k-independent. In this case, since the trap potentialV is independent of the atomic spin, it cannot induce the transition between two eigen-states with different α, or the decay from the excited spin state. In the presence of SO coupling, botĥ M (k) and |α(k) depend on k. Thus, |α(k) and |α ′ (k ′ ) with k = k ′ can overlap with each other even if α = α ′ . Due to this fact,V (r) will couple two dressed states with either different α, or different k, or both. Therefore, excited dressed states can decay to lower-energy branch via the single-atom motion in trapV .
Here the trap-induced decay process can be understood as two steps as illustrated in Fig. 1(a) . First atoms tunnel from the initial state to the energy-conserved states in the lower branch (the solid arrow in Fig. 1(a) ). The rate Γ 1b of this process can be calculated by Fermi's golden rule (FGR). Second, due to the dissipation effects given by the environment, the atoms further decay to states with lower energy (the dashed arrow in Fig. 1(a) ). Usually, the second process is much faster than the first, and thus the total rate is given by Γ 1b . Now we calculate Γ 1b in the momentum representation. The atomic state |ψ(t) at time t is described by the spinor wave function |ψ(k, t) ≡ k|ψ(t) , and the position operatorr is proportional to the gradient of the momentum k, i.e.,r = i∇ k . The harmonic trap potential can be written asV = − j=x,y,z (m/2)ω 2 j ∂ 2 /∂k 2 j , which behaves as the "kinetic energy" of the atom motion in the k-space. Furthermore, |ψ(k, t) can be expressed
is the eigen-energy ofĤ 0 for |k |α(k) , and T αβ is defined as T αβ = j=x,y,z (mω
It is clear that the terms i α(k)|∂/∂k j |β(k) play the similar role as the effective gauge field in the Born-Oppenheimer approximation [17] . The decay of the atoms from the excited dressed state, or the transition between dressed states with different α, is induced by these terms with α = β.
Suppose that the initial wave function of the atom
where
is the associated density of states. SinceV ∝ ω 2 x,y,z , the decay rate Γ 1b is proportional to ω 4 x,y,z , and thus can be controlled by tuning the trap frequency.
The collisional decay. For two SO-coupled atoms under scattering, the general Hamiltonian takes formĤ 2b = H 0 (1) +Ĥ 0 (2) +Û (r 12 ) ≡Ĥ F +Û , withĤ 0 (i) for the free motion of the ith atom (i = 1, 2) andÛ (r 12 ) the interaction potential of the two atoms. Herer 12 is the relative position operator of the two atoms. We shall consider the simple case whereÛ is independent of the atomic spin. If there were no SO coupling,Û cannot induce transition between different spin states or the atomic decay from excited spin states. In the presence of the SO coupling, the free-motion state of the two atoms, or the eigen-state ofĤ F , becomes the two-atom dressed state |c ≡ |k 1 
as the set of the four quantum numbers. Similarly as in our above discussion, states |α(k) and |α ′ (k ′ ) can overlap with each other when α = α ′ . Then we have c|Û |c
, andÛ can introduce inelastic collisions or the transitions between the states with different quantum number (α 1 , α 2 ). This leads to the decay of atoms from excited dressed states ( Fig. 1( b) ).
The above discussions are applicable to both bosonic and fermionic systems. Hereby we shall focus on a system of bosonic atoms condensed in an initial dressed state |k 0 |α 0 (k 0 ) with atomic density n 0 . The characteristic decay rate Γ 2b for the collisional decay is defined as Γ 2b = n 0 K. Parameter K is the inelastic-collision rate defined as K = 2σv, where σ is the total cross-section of the inelastic collision, v is the relative velocity of the two atoms before collision, and the factor 2 comes from the bosonic statistics. According to the standard scattering theory [18] , the factor K is given by
with c 0 = (k 0 , α 0 , k 0 , α 0 ) and f (c ′ , c) is the scattering amplitude between the incident state |c and the output state |c ′ with c
. The Dirac δ function δ E means that the total energy is conserved during the scattering process, and
In Eq. (2), the scattering amplitude f is defined as f (c ′ , c)δ K = −2π 2 m c ′ |Û |c+ , with |c+ the scattering state given by the Lippmman-Schwinger equation (LSE) |c+ = |c +Ĝ 0Û |c+ . Here the free Green's operatorĜ 0 is defined
We assumeÛ (r 12 ) is a short-range potential and becomes negligible when |r 12 | is larger than an effective range R * . In this case, when there were no SO coupling, the wave function r 12 |c+ of the scattering state should satisfy the Bethe-Periels boundary condition (BPC) r 12 |c+ ∝ (1/|r 12 | − 1/a) in the short-range region R * < |r 12 | << 1/k, where k = |k 1 − k 2 |/2, a is the scattering length and |r 12 given byr 12 |r 12 = r 12 |r 12 . Therefore, one can first derive the expression of r 12 |c+ in the shortrange region with the LSE, and then substitute the result into the BPC and obtain |Ψ as well as f .
In the presence of SO coupling, the Hamiltonian of two colliding atoms is revised in the whole range of the interatomic distance |r 12 |, and thus the few-body properties are also strongly affected by SO coupling [6, [19] [20] [21] [22] [23] . In particular, the Bethe-Periels boundary condition needs to be modified [24] and the free Green's function will be re-calculated. Nevertheless, the above procedure is still valid. With this, we find that f (c ′ , c) is given by [24] 
with a the scattering length for the absence of SO coupling. The operator F can be ex-
β1,β2 dp
When m/(4πa) is much larger than eigenvalues of F , one has
e., the result given by the FGR approximation [6] . For large a, contribution from F becomes significant, and the FGR fails. With the expression (3) of the scattering amplitude, one can obtain the factor K and the decay rate Γ 2b = n 0 K. Experiment. Our experimental layout has been described in Ref. [4] . A BEC of 2.5 × 10 5 87 Rb atoms in the F = 1 manifold is created in an optical dipole trap with frequencies of {ω x , ω y , ω z } = 2π × {30, 30, 50}Hz. The single-atom Hamiltonian in the x-direction is given byĤ x =Ĥ 0x +V , witĥ
2 /2 the dipole trap potential. Here Ω is the strength of Raman coupling, δ is the two-photon Raman detuning and ǫ is the quadratic Zeeman shift given by a homogeneous bias magnetic field. Symbol k r represents the recoil momentum, and E r = k 2π × 2.21kHz is the recoil energy. Diagonalization of the HamiltonianĤ 0x leads to three momentum-dependent eigen-states |k x |α(k x ) (α = 0, ±1) with eigen-energies
. Two examples of the dispersion curves are shown in the insets of Fig. 2(a,b) . For experiments with δ > 0, the BEC is first prepared in the bare state |F = 1, m F = −1 , and transformed to the |m F = 0 state with a π-pulse. Then we adiabatically turn on the SO coupling, so that the BEC is prepared in the middle dressed state with α = 0 and k x around some value k 0 , corresponding to the global minima of the E 0 (k x ) curve for δ > 0 (the inset of Fig. 2(a) ). In the experiments with δ < 0, the SO coupling is adiabatically applied on the BEC in the state |F = 1, m F = −1 , and then the system is prepared in the dressed state with α = 0 and k x around the local minima for δ < 0 (the inset of Fig. 2(b) ). The Raman coupling is held for a variable duration t h . During this time interval, the atoms can decay from the initial dressed state with α = 0 to those with α = −1 [5, 6] . At t = t h , the Raman lasers and the dipole trap are suddenly turned off. With the Stern-Gerlach technique, a time-of-flight image is taken to measure the number of atoms remained in the BEC after the decay process. As an example, the fraction of remaining atoms is shown in Fig. 2 as a function of t h .
Data Analysis. The numerical calculations with Eqs. (1, 3) show that in our system the rate Γ 1b and Γ 2b of the trap-induced and collisional decay are of the order 10 −5 Hz and 10Hz, respectively. Therefore, the trapinduced decay in our experiments is negligible, and we can safely consider the inelastic scattering only. When two ultracold atoms with α = 0 decay to the α = −1 branch via scattering, they likely become thermal due to the large energy gap, which however, is not sufficient for atoms to escape from the trap. These thermal atoms will also collide with condensed ones. Thus, the decreasing of the ultracold-atom density n c can be described by dn c /dt = −Kn 2 c − Ln c (n 0 − n c ), where n 0 ∼ 2.9 × 10 13 cm −3 is the initiate atomic density of the BEC, K is defined as before and the parameter L represents the collision rate between a thermal and an atom in the condensate. Then the BEC fraction R(t) in the atomic cloud can be obtained from that equation and expressed as R(t) = L/ L + K(e tn0L − 1) . According to this expression, the characteristic decay time of R(t) is τ ≡ 1/Γ 2b = 1/(n 0 K) when L K. The experimental data, as shown in Fig. 2 , were fitted by this function with both K and L as fitting parameters. Our fitting result shows that the condition L K is satisfied in our experiments. The lifetime τ obtained from our experimental results are shown in Fig. 4 . We further theoretically calculate the coefficient K with Eqs. (2) and (3). The calculated values of the lifetime τ are also plotted in Fig. 4 as blue curves. The agreement between the theoretical and experimental results is excellent [25] . This confirms our analysis of the decay mechanisms and the calculations of scattering amplitude.
Discussion on the control of stability. In this letter we have shown the two mechanisms of decay in the ultracold gases with SO coupling, carried out the calculation of two decay rates, and presented a comparison with experiments. This guides us how to control the stability of excited dressed state in current setup. For instance, as shown in Fig. 4 , we plot characteristic times 1/ Γ 1b and 1/ Γ 2b of the trap-induced and collisional decay as functions ω x and a for the SO coupling realized in current experiment. When ω x > (2π)60Hz, as shown in Fig   4 (a) , the decay is dominated by the trap-induced decay, and then the decay rate can be controlled by the trap frequency. As the trap frequency decreases, the lifetime of excited state gets longer. However, when ω x < (2π)60Hz, the collisional decay becomes dominating. In this region, the decay rate is no longer sensitive to the trap frequency, but it can be controlled by the atomic density and the scattering length. For instance, as shown in Fig 4(b) , when ω x = (2π)50Hz, the life time determined by the collisional decay can be increased by reducing the scattering length a or atomic density.
As emphasized before, our analysis and calculation method are very general and can be applied to ultracold gases with any kind of SO coupling. Thus, similar stability analysis as discussed above for current experimental system can be straightforwardly carried out for other realizations of SO couplings. It will help the implementation of those schemes involving metastable states, and therefore open up more possibilities for rich physics with synthetic gauge field.
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